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HEAT TREATMENT APPARATUS , CALIBRATION METHOD FOR TEMPERATURE 
MEASURING SYSTEM OF THE APPARATUS, AND HEAT TREATMENT SYSTEM 

RArKGRQUWD OF THT! INVENTION 

T^rhntcal i^i^ld of the Invention 

The present invention relates to a heat treatment 
apparatus, a calibration method for temperature measuring 
system of the heat treatment apparatus, and a heat treatment 
system. 

npscript ion of the Related Art 

A vertical heat treatment apparatus , which performs a 
batch-type process on semiconductor wafers (which will be 
hereinafter referred to as "wafer(s)"), is known as one of 
the heat treatment apparatuses that performs a heat treatment 
on the wafers in a semiconductor device fabricating process. 
When performing the heat treatment, many wafers are carried 
by a wafer boat at intervals in the vertical direction and 
loaded into a reaction tube where the heat treatment, such, 
as CVD process or oxidation process, is applied on the wafers. 

Temperatures of the wafers have a great influence on 
the results of heat treatment. For instance, in case of 
film-deposition by the CVD process, a film-thickness changes 
depending on the temperatures of wafers. Accordingly, the 
temperatures of wafers during the heat treatment have to be 
controlled precisely. To this end, an accurate temperature 
measurement is li^eessary. 

In a single-wafer heat treatment apparatus, the wafer 
is mounted face-to-face on a wafer table called a ''susceptor'' . 
Accordingly, the temperature of the susceptor becomes 
generally equal to a temperature of the wafer mounted thereon. 
Thus, it is possible to obtain the temperature of the wafer 
with high accuracy by measuring the temperature of the 
susceptor via the use of a thermoelectric couple embedded 
therein. However, in the vertical heat treatment apparatus, 
where a plurality of wafers are held by the wafer boat to 
be simultaneously processed, a temperature sensor must be 
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arranged remote from the wafers. 

Therefore, in the midst of changing the temperature in 
the reaction tube, there exists a difference between the 
temperature detected by the temperature sensor and the actual 

5 temperatures of the wafers. 

In order to measure the temperatures of the wafers with 
high accuracy, the temperature measurement has to be 
performed after the temperature in the reaction tube has been 
stabilized. This means a reduction in throughput of the 

10 apparatus . 

In order to solve such a problem, there have been 
temperature measuring methods recently developed, taking the 
transitional response into consideration. United States 
Patent No. 5,517,594, for example, discloses such method. 

15 In the method disclosed therein, the temperature 

measurement is executed by using ARX model. The constant 
matrixes in the ARX model are determined, upon actual 
experiments, based on detection signals from thermoelectric 
couples arranged in the reaction tube, detection signals from 

20 thermoelectric couples directly attached to test wafers and 
electric power supplied to heaters. 

However, this method involves the following problems. 
First, the use of wafer with the thermoelectric couple might 
cause metals of the thermoelectric couple to be dispersed 

25 into the reaction tube, thereby causing it to be contaminated. 
Therefore, it is not preferable that the manufacturer of the 
heat treatment apparatus performs such experiments on the 
product apparatus to be supplied to the user. In this view, 
it is possible to perform an experiment for one of the 

30 apparatuses manufactured with the same specifications, and 
apply the model determined in said one of the apparatuses 
on the other apparatuses. However, even when manufactured 
with the same specifications, some variation will exist. 
Furthermore, after using the apparatus for a long term, a 

35 periodic change in the condition of the apparatus occurs. 

Since the above method cannot cope with these problems 
sufficiently, there is a possibility of insufficient accuracy 



in determining the temperature, 

SUMMARY OF THE INVENTION 
Accordingly r the first object of the present invention 
5 is to improve the temperature measuring accuracy of the 
temperature measuring system of the heat treatment apparatus 
to be provided for the user. 

The second object of the invention is to provide a 
method of calibrating the temperature measuring system of 

10 the heat treatment apparatus to be provided for the user. 

In order to accomplish the above objectives, the 
present invention provides a heat treatment apparatus, which 
includes: a processing vessel defining a processing chamber 
for processing an object to be processed therein; a heater 

15 that heats the object; a thermal sensor arranged in the 
processing chamber; a temperature estimator that estimates 
a temperature of the object based on a detection signal from 
the thermal sensor; a temperature calibrator that corrects 
the temperature of the object estimated by the temperature 

20 estimator thereby to obtain a calibrated temperature of the 
object; and a controller that controls an operation of the 
heater based on the calibrated temperature of the object. 
The present invention also provides a heat treatment 
apparatus which includes: a processing vessel defining a 

25 processing chamber for processing an object to be processed 
therein; a heater that heats the object; a thermal sensor 
arranged in the processing chamber; a temperature estimat&r 
that estimates a temperature of the object at an estimation 
time-point based on a detection signal from the thermal sensor ^ 

30 the temperature estimator estimating the temperature of the 
object at the estimation time-point based on detection 
signals from the thermal sensor at several time-points 
preceding the estimation time-point; a temperature 
calibrator that corrects the temperature of the object 

35 estimated by the temperature estimator thereby to obtain a 
calibrated temperature of the object; and a controller 
that controls an operation of the heater based on the 
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calibrated temperature of the object. 

Furthermore, the present invention provides heat 
treatment apparatus which includes: a processing vessel 
defining a processing chamber for processing an object to 
be processed therein; a heater that heats the object; a 
thermal sensor arranged in the processing chamber; a 
temperature estimator that estimates a temperature of the 
object based on a detection signal from the thermal sensor; 
a temperature calibrator that corrects the temperature of 
the object estimated by the temperature estimator thereby 
to obtain a calibrated temperature of the object, the 
temperature calibrator having an offset table storing an 
offset value representing a difference between the 
temperature of the object estimated by the temperature 
estimator and a true temperature of the object, and an offset 
value adding part that adds or subtracts the offset value 
to or from the temperature estimated by the temperature 
estimator; a controller that controls an operation of the 
heater based on the calibrated temperature of the object; 
and an offset-value calculator that calculates the offset 
value to be stored in the offset table, based on the 
temperature of the object estimated by the temperature 
estimator and the true temperature of the object. 

According to the second aspect of the present invention, 
there is provided a method of calibrating a temperature- 
detection system of a second heat treatment apparatus among 
a first and the second heat treatment apparatuses each having 
a processing vessel, a heater that heats an object to be 
processed, a thermal sensor and a temperature estimator that 
estiinates a temperature of the object based on a detection 
signal from the thermal sensor, said method includes: (a) 
a temperature estimator adjusting process having the steps 
of: heating an object for temperature measurement placed in 
the processing vessel of the first heat treatment apparatus 
by the heater and measuring a true temperature of the object; 
and adjusting the temperature estimators of the first and 
second heat treatment apparatuses based on a result of the 
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measurement of true temperature of the object; (b) a first 
heat-treatment/film-thickness measuring process including: 
a first heat-treatment step of heat-treating a first object 
for heat-treatment arranged in the processing vessel of the 
first heat treatment apparatus having the temperature 
estimator, having been adjusted in the process (a), under 
a designated heat-treatment condition; and a first film- 
thickness measuring step of measuring a film-thickness of 
a film formed on the first object; (c) a second heat- 
treatment/ film- thickness measuring process including: a 
second heat-treatment step of heat-treating a second object 
for heat-treatment arranged in the processing vessel of the 
second heat treatment apparatus having the temperature 
estimator, having been adjusted in the process (a), under 
a designated heat-treatment condition; and a second 
film-thickness measuring step of measuring a film-thickness 
of a film formed on the second object; and (d) an offset-value 
calculating process having the steps of: comparing the 
film-thickness of the first object measured in the first 
film-thickness measuring step with the film-thickness of the 
second object measured in the second film-thickness measuring 
step, and calculating an offset value for calibrating the 
temperature of the object estimated by the temperature 
estimator of the second heat treatment apparatus based on 
25 the result of the comparison. 

Furthermore, the present invention provides a heat 
treatment system, which includes: a heat treatment 
apparatus having a processing vessel defining a processing 
chamber for processing an object to be processed therein, 
a heater that heats the object and a thermal sensor arranged 
in the processing chamber; and a control device connected 
to the heat treatment apparatus, the control device having 
a temperature estimator that estimates a temperature of the 
object based on a detection signal of the thermal sensor, 
a temperature calibrator that corrects the temperature of 
the object estimated by the temperature estimator and a 
controller that controls an operation of the heater based 
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on a calibrated temperature of the object corrected by the 
temperature calibrator. 

RPTTCTj* nKSCP TPTTOW OF THE DPAWINGS 

5 Fig. 1 is a partial sectional view showing one embodiment 
of the vertical heat treatment apparatus according to the 

present invention; 

Fig. 2 is a perspective view of the vertical heat treatment 

apparatus of Fig. 1; 
10 Fig. 3 is a block diagram showing the details of a 
controller of the vertical heat treatment apparatus of Fig. 

1; 

Fig. 4 is a flow chart showing respective control steps 
executed by the controller of Fig. 3 
15 Fig. 5 is a flow chart for explanation of the calibrating 

method performed by a temperature measuring device; 

Fig. 6 is a chart diagram showing one example of a heat 
treatment condition used in the calibration method; and 
Fig. 7 is a block diagram showing a control system for 
20 the heat treatment apparatus of the present invention. 

PT; ;«;rwTPTTr>yf nv thr PPRFRPBKn KMBODTMEMT 
Referring to Fig. I, the vertical heat treatment 
apparatus includes a double-tube type reaction tube 2 
25 consisting of an inner tube 2a and an outer tube 2b both made 
of quartz. A cylindrical metal manifold 21 is arranged at 
the lower end of the reaction tube 2 . 

The top of the inner pipe 2a is open. The lower end 
of the inner pipe 2a is supported by the manifold 21. The 
30 top of the outer pipe 2b is closed . The lower end of the outer 
pipe 2b is connected to the top end of the manifold 21 in 
an airtight manner at a position under a baseplate 22. 

Referring to Fig. 2, a wafer boat 23 is loaded into the 
reaction tube 2 . On the wafer boat 23 , there are horizontally 
35 mounted a large number, for example, 150 pieces of 
semiconductor wafers W (wafers as products) at intervals in 
the vertical direction. The wafer boat 23 is carried on a 
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lid body 24 via a heat- insulating cylinder (insulating 
member) 25. 

wafers called "side wafers" are arranged on the 
uppermost and lowermost ends of the wafer boat 23 so that 
the product wafers W are subjected to uniform temperature, 
wafers called "monitor wafers" for monitoring the processing 
condition are also arranged sparsely on the wafer boat 23. 

For such arrangement of the wafers, the wafer boat 23 
has a number of retaining grooves for simultaneously loading 
the side wafers and the monitor wafers in addition to the 
product wafers. For example, the wafer boat 23 for 
processing 150 pieces of product wafers W has retaining 
grooves for 170 pieces of wafers. 

The lid body 24 is mounted on a boat elevator 26, which 
is provided for loading and unloading the wafer boat 23 into 
and from the reaction tube 2. At the upper limit position 
of the lid body 24, the lid body 24 closes up the lowermost 
opening of the manifold 21, that is, the lowermost opening 
of a processing vessel formed by the reaction tube 2 and the 

20 manifold 21. 

A heater 3 is provided around the reaction tube 2 . The 
heater 3 has a plurality of (in this embodiment, five) heater 
elements 31 to 35 arranged in the vertical direction. Zones 
of the reaction tube 2 corresponding to the heater elements 
31 to 35 will be called "zones 1 to 5", respectively. 
Calorific powers of the heater elements 31 to 35 are 
independently controlled by power controllers 4 1 to 45 , which 
correspond to the heater elements 31 to 35, respectively. 

internal temperature sensors Sli„ to S5i„ are arranged 
on the inner wall of the inner tube 2a, and correspond to 
the heater elements 31 to 35, respectively. External 
temperature sensors Sl„„, to S5„„, are arranged on the outer 
wall of the outer tube 2b, and correspond to the heater 
elements 31 to 35, respectively. The temperature sensors may 
be thermoelectric couples . The internal temperature sensors 
Sli„ to S5i„ are positioned so as not to come into contact with 
the wafers. 
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A plurality of Internal temperature sensors Sli^ to S5^ 
and external temperature sensors Sl^ut to SS^^t arranged 
in a circumferential direction around the inner tube 2a and 
the outer tube 2b, although in the drawing only one of each 
5 sensor is shown. Thus, it is possible to measure the 
temperature distribution of the reaction tube 2 in both axial 
and circumferential directions. 

Five pieces of monitor wafers Wl to W5 are loaded onto 
the wafer boat 23 at respective positions corresponding to 

10 the heater elements 31 to 35. Normally, wafers identical to 
the product wafers (semiconductor wafers) are used as the 
monitor wafers Wl to W5. 

The manifold 21 is provided with a plurality of gas 
supply pipes for supplying gas into the inner pipe 2a. For 

15 simplification of the drawing, only two gas supply pipes 51, 
52 are shown in Fig. 1. Mass flow controllers 61, 62 for 
controlling respective gas flows and valves (not shown) are 
interposed in the gas supply pipes 51, 52, respectively. 
Connected to the manifold 21 is an exhaust pipe 27, 

20 which opens into a space between the inner pipe 2a and the 
outer pipe 2b. The exhaust pipe 27 is connected to a vacuum 
pump (not shown). A pressure regulator 28 is interposed in 
the exhaust pipe 27 to adjust the pressure in the reaction 
tube 2 . The pressure regulator 28 includes a butterfly valve, 

25 a valve actuator and so on. 

The vertical heat treatment apparatus is equipped with 
a controller 100 for controlling processing parameters, for 
example, the temperature of the processing atmosphere in the 
reaction tube 2, pressure in the reaction tube 2, flow rate 

30 of gas, etc. Detection signals from the temperature sensors 
Sli„ to S5i„, and Sl^^^ to 35^^^ ^^e inputted into the controller 
ICQ. The controller 100 outputs respective control signals 
to the power controllers 41 to 45, the pressure regulator 
28 and also the flow controllers 61, 62. 

35 Next, the controller 100 will be described in detail. 

Fig. 3 is a block diagram showing the details of parts in 
connection with the control of the heater 3 by the controller 
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100. The controller 100 has a temperature estimator 110 ^ a 
temperature calibrator 120, a heater controlling part 130, 
a register part 140 and an offset-value calculating part 150. 
The temperature estimator 110 outputs estimated 

5 temperatures Tl' to T5' of the monitor wafers Wl to W5 
estimated based on the detection signals received from the 
temperature sensors Sli„ to S5i„, and Sl^^^ to 35^^^- The 
temperature estimation in the temperature estimator 110 is 
carried out based on the detection signals at several points 

10 of time in the past. 

The temperature calibrator 120 calibrates the 
estimated temperatures Tl' to T5' estimated by the 
temperature estimator 110, and further outputs calibrated 
temperatures Tl to T5 of the monitor wafers Wl to W5. The 

15 temperature calibrator 120 includes an offset table 122, 
which stores offset values OFl to 0F5 for calibrating the 
estimated temperatures Tl ' to T5 ' of the monitor wafers Wl 
to W5, respectively. The temperature calibrator 120 also 
includes an off set -value adding part 124, which adds or 

20 subtracts the offset values OFl to 0F5 to or from the estimated 
temperatures Tl' to T5', respectively. 

The heater controlling part 130 outputs control signals 
to the power controllers 41 to 45 based on the calibrated 
temperatures Tl to T5 calibrated by the temperature 

25 calibrator 120. 

The register part 140 can record the calibrated 
temperatures Tl to T5 together with their detection times, 
and also store the temperatures as a log representing the 
operative condition of the heat treatment apparatus. 

30 The offset-value calculating part 150 functions to 

calculate the offset values OFl to 0F5* 

Fig. 4 is a flow chart representing the control sequence 
of the controller 100 for the heater 3. The sequence of 
temperature-control steps will be described with reference 

35 to this flow chart. 

When the heat treatment process is started (S201) , the 
detection signals of the temperature sensors Sli^ to S5i„, and 
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Slout to S5„„t are read by the temperature estimator 110 (S202 ) . 

The" temperature estimator 110 calculates the 
respective estimated temperatures Tl ' to T5 ' of the monitor 
wafers Wl to W5 based on the detection signals received from 
the temperature sensors Sli„ to S5i„, and Sl^^t to S5„„t- In this 
estojnation, the following equations (1) and (2), which are 
known in control engineering, may be used: 

X (t+1) = A-x(t) + B-u{t) (1) 

y (t) = C-x(t) + u(t) (2) 
wherein, t: time, 

x(t): n-dimensional state vector, 
y{t): m-dimensional output vector, 
u(t): r-dimensional input vector, and 
A, B, C are constant matrixes of nXn, nxr and mxn, 
respectively . 

The equation (1) is called "equation of state", the 
equation (2) is called "output equation". By solving the 
simultaneous equations ( 1) and (2) , it is possible to obtain 
the output vector y ( t ) corresponding to the input vec tor u ( t ) . 

in this embodiment, the input vector u(t) represents 
the detection signals from the temperature sensors Sli„ to 
S5^ and Sl„„, to S5o„„ and the output vector y(t) represents 
the estimated temperatures Tl' to T5'. The estimated 
temperatures Tl' to T5' are estimated based on the detection 
signals obtained at several points of time in the past. 

In the equations (1) and (2) , the detection signals of 
the temperature sensors S^^ and S„„, and the estimated 
temperatures Tl' to T5' have a relationship of multi-inputs 
and multi-outputs. In detail, each of the heater elements 
31 to 35 does not have an influence on the only one of the 
monitor wafers Wl to W5 positioned in the corresponding zones, 
but each of the heater elements 31 to 35 affects all of the 
monitor wafers Wl to W5. 

Upon considering the noise factor, the following 
equations (3) and (4) may be used instead of the 
aforementioned equations : 

X (t+1) * A'x(t) + B-u{t) + K-e(t) (3) 
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y (t+1) =: C-x(t) + D'U(t) + e(t) (4) 
wherein, t: time/ 

x(t): n-dimensional state vector , 
y(t): m-dimensional output vector , 
5 u(t): r-dimensional input vector, and 

e(t): m-dimensional noise vector, and 
A, B, C, D and K are constant matrixes of nXn, nx 

r, 

mXm and nXm, respectively. 

10 If the combination of constant matrixes A, B, C and D 

is determined, it is possible to calculate the estimated 
temperatures Tl' to T5' from the detection signals from the 
temperature sensors Sli„ to S5i„, and Sl^^^ to SS^ut/ by solving 
the simultaneous equations (1) and (2) or the simultaneous 

15 equations (3) and (4). The method of determining the 
constant matrixes A, B, C and D will be described later. 

Next, the temperature calibrator 120 calculates the 
calibration temperatures Ti of the monitor wafers Wi {Wl to 
W5) (S204). 

20 The calibration temperatures Ti of the monitor wafers 

Wi can be calculated by, for example, the following equation: 

Ti = Ti' + Ofi (5) 

wherein, i: index representing the number of monitor wafer 

(i = 1 to 5); 

25 Ti' : estimated temperature of the monitor wafer 

Wi; and 

OFi: temperature offset value of the monitor 

wafer Wi 

The temperature offset value OFi is selected from 
30 values stored in the offset table 122. 

The heater controlling part 130 calculates the required 
power outputs hi to h5 to be supplied to the heater elements 
31 to 35 based on the calibrated temperatures Ti, and sending 
the values hi to h5 as control signals to the power controllers 
35 41 to 45 (S205), thereby calorific powers of the heater 
elements 31 to 35 are controlled. 

If the heat treatment process has not been completed. 
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the routine returns to step S202, and the temperature control 
for the semiconductor wafer W is thus continued (S206, S207) . 

Steps S202 to S206 are repeated in a cycle of about 1 
to 4 seconds . The estimation in temperatures of the wafers 

5 is carried out based on the past record of the detection 
signals of the temperature sensors Si„ to S„„t/ which have been 
obtained in the cycle of about 1 to 4 second^ 

Next, the adjustment of the temperature-control system 
in the heat treatment apparatus of Fig. 1 will be described 

10 with reference to Fig. 5. The following adjusting method is 
convenient for adjusting a plurality of heat treatment 
apparatuses produced under the same specification. In the 
following description, the first heat treatment apparatus 
may be called "standard (parent) heat treatment apparatus" 

15 which the manufacturer of the apparatus possesses, and the 
second heat treatment apparatus may be called "product 
(child) heat treatment apparatus" which is to be provided 
for the user. 

First, the monitor wafers Wl to W5, to which the 
20 thermoelectric couples are attached, are subjected to the 
heat treatment by the first heat treatment apparatus . During 
the heat treatment, time variation of the actual temperatures 
Tim to T5m of the monitor wafers Wl to W5 and detection signals 
of the temperature sensors Sli„ to 35^^, and Slout to S5o„t are 
25 measured simultaneously. 

The adjustment for the temperature estimator 110-1 of 
the first heat treatment apparatus is carried out by 
determining the constant matrixes A, B, C and D in the 
aforementioned equations ( 3 ) and ( 4 ) . The constant matrixes 
30 A, B, C and D are depend on the heat-characteristics of the 
heat treatment apparatus. 

As one concrete method for determination, "subspace 
method" is applicable for the determination of the constant 
matrixes. Specifically, the constant matrixes A, B, C and 
35 D can be determined upon processing data of the detection 
signals of the temperature sensors Sli„ to S5i„, and Sl^^ to 
S5 and the actual temperatures Tim to T5m of the monitor 
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wafers Wl to W5 by using the software ''Matlab" (provided by 
The MathWork Inc. and sold by Cybernet System Co. Ltd.). 

In general f a plurality of combinations of the constant 
matrixes A, C and D thus obtained exist. Then, one of the 
5 combinations, by which the estimated temperatures Tl ' to T5 ' 
calculated by using the equations (3) and (4) coincide with 
the actually-detected temperatures Tim to T5m, is selected. 
When determining the constant matrixes, all of the offset 
values OFi are set to be zero. In other words, the constant 

10 matrixes A, B, C and D, by which the estimated temperatures 
Tl' to T5' coincide with the actual temperatures Tim to T5m, 
are determined without using the offset values OFi. 

The equations (3) and (4) containing the constant 
matrixes A, B, C and D on determination, in other words, a 

15 program for calculating the estimated-temperatures Tl' to 
T5' of the monitor wafers Wl to W5 based on the detection 
signals of the temperature sensors Sli^ to S5i„, and Sl^^^ to 
SS^^t by means of the equations (3) and (4), is stored in the 
temperature estimator 110-1 of the first heat treatment - 

20 apparatus. The same program is stored in the temperature 
estimator 110-2 of the second heat treatment apparatus. 
Thereupon, step S3 01 is completed- 

Next, the process wafers Wl-1 to W5-1 (the first objects 
for heat treatment) are loaded in the first heat treatment 

25 apparatus, and are processed under a predetermined heat- 
treatment condition (standard process recipe). Then, the 
thickness of film formed on each of the first objects for 
heat treatment is measured (S302). 

The term "process wafer" means a wafer identical to the 

30 product wafer. The process wafers are loaded on the wafer 
boat 23, at the same positions as the product wafers. Since 
the process wafers Wl-1 to W5-1 are identical to the product 
wafers W, the films formed on the process wafers are the same 
as those formed on the product wafers W under the same film 

35 forming condition. 

Fig. 6 shows an example of heat-treatment condition for 
the process wafers Wl-1 to W5-1. Preferably, this heat- 
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treatment condition is the same as the heat-treatment 
condition to be actually used by the user. It is also 
preferable that temperature (set temperature) is 
substantially constant during the film forming process so 
5 as to clarify relationship between the film-thickness and 
the temperature. Of course^ the heat treatment condition is 
preferably set so that the process wafers Wl-1 to W5-1 are 
processed under the same condition. 

At a stable temperature TO, the process wafers W are 

10 loaded into the heat treatment apparatus. In a period from 
time to to time ti, the objects for the heat treatment are 
heated up to a set temperature Tsp (temperature raising 
process) . Thereafter, the objects are left in the apparatus 
till time in order to stabilize the temperature of the 

15 objects (stabilizing process). In a period from time tj to 
time tj, gas, for example, such as SiHjCla-gas and NH3-gas, 
is introduced from the gas supply pipes 51, 52 thereby to 
form SiN-f ilm on the process wafers Wl-1 to W5-1 at the set 
temperature Tsp ( film- forming process). Thereafter, the 

20 introduction of gas is stopped at time t3 and the process 
wafers Wl-1 to W5-1 are annealed till time t4 (annealing 
process). Next, the temperature of the process wafers is 
lowered (temperature lowering process) to unload the process 
wafers Wl-1 to W5-1 from the apparatus. 

25 The thickness of the film formed on each of the process 

wafers Wl-1 to W5-1 , having been subjected to the film- forming 
process, are measured by a film-thickness inspecting unit, 
such as eliptho-meter. 

Typically, the above steps S301 and S302 are performed 

30 in a manufacturer's factory for the vertical heat treatment 
apparatus. While, the following processes (from process 
(c)) are typically performed in the user's 
semiconductor-device manufacturing factory where the 
vertical heat treatment apparatus is installed, by a 

35 serviceman of the manufacturer or an operator on the user's 
side. 

Next, the process wafers Wl-2 to W5-2 (the second 
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objects for heat treatment) are loaded in the second heat 
treatment apparatus to be calibrated, and are processed under 
the same heat-treatment condition as that in the process (B) . 
Then, the thickness of film formed on each of the process 
wafers Wl-2 to W5-2 is measured (S303). 

It should be noted that "the same heat-treatment 
condition" in the above description means that the conditions 
in terms of at least, set temperature, sort of gas, gas 
pressure or the like are the same during the film-forming 
process. The process wafers Wl-2 to W5-2 are loaded on the 
wafer boat 23 at the same positions as those of the process 
wafers Wl-1 to W5-1 in the above process (B). 

AS mentioned before, the second heat treatment 
apparatus is fabricated under the same specification as that 
of the first heat treatment apparatus. The temperature 
estimator 110-2 of the second heat treatment apparatus has 
a temperature-estimating program stored therein, which is 
identical to that stored in the temperature estimator 110-1 
of the first heat treatment apparatus . The first apparatus 
and the second apparatus are identical to each other in terms 
of the constant matrixes A, B, C and D of the equations (1), 
(2) or equations (3), (4). In addition, at a point of txme 
executing step S303, the offset values OFi are set to be zero. 

When the thickness of each film to be formed at step 
S302 is thin, for example, less than 10 nm, it is preferable 
that the heat-treatment condition in the second heat 
treatment apparatus is the saitie as that at step S302 regarding 
not only the film-forming process but also other processes 
(temperature raising process, stabilizing process, 

annealing process, etc.)* 

This is because such processes, except for the 
film-forming process, might affect the thickness of the 
deposited films. For example, it is possible that an 
extremely thin film is formed in processes other than the 
film-forming process due to the presence of residual gas. 

The thickness of the film formed on each of the process 
wafers Wl-2 to W5-2, having been subjected to the film-forming 
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process, is measured by a film-thickness inspecting unit, 
such as eliptho-meter. 

Next, the film-thickness measured at step S302 is 
compared with that measured at step S3 03 to judge whether 
or not the difference in thickness therebetween is within 
an allowable range (range of the order of measuring errors) 
(S304 ) . This judgment is carried out for each of the process 

wafers Wl-2 to W5-2. 

If the difference in film-thickness between the process 
wafer Wi-1 and the process wafer Wi-2 is within the allowable 
range (for example, less than 0.1 % of a target film- 
thickness), then the offset value O.Fi can be set to be zero. 
It means that the individual difference between the first 
heat treatment apparatus and the second heat treatment 
apparatus is substantially negligible. If the judgments for 
all of the process wafers Wl-2 to W2-5 are "Yes", then all 
of the offset values OFi are set to be zero. Thereupon, the 
calibration of the second heat treatment apparatus is 

completed (S308). 

If the judgment at step S304 is "No" , then it is executed 
to calculate the temperature-offset value OFi in the second 
heat treatment apparatus, based on a difference in film- 
thickness between the process wafer Wi-1 and the process wafer 
Wi-2 (S305). 

Both the second and first heat treatment apparatuses 
perform the heat treatment at the same set temperature Tsp. 
In the second treatment apparatus, the controller 100 
controls the operation in a manner that the estimated- 
temperature Ti' of the process wafer Wi coincides with the 
set temperature Tsp. Accordingly, the presence of a 
difference in film- thickness between the process wafer Wi-2 
and the process wafer Wi-1 means that the temperature of the 
process wafer Wi-2 in the second heat treatment apparatus 
is slightly different from that the temperature of the process 
wafer Wi-1 in the first heat treatment apparatus. The 
temperature estimator 110-1 of the first heat treatment 
apparatus has been already adjusted at step S301. 
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Accordingly, it is concluded that this difference in 
film-thickness is derived from measuring errors in 
temperature of the second heat treatment apparatus , due to 
the individual difference between the first and second 
5 apparatuses. The correction of measuring errors is 
accomplished by determining an appropriate offset value OFi 
in the second heat treatment apparatus. 

The offset value OFi can be calculated by using a 
relationship between change in film-thickness and change in 
10 temperature, for example, a film-thickness /temperature 
coefficient . The film-thickness /temperature coefficient 
will be described as follows. 

Regarding film forming reaction (for example, by CVD 
process ) in which the reaction rate is limited by the reaction 
15 rate at the surface of the film (namely, "surface reaction 
rate IdLmited reaction", i.e., a reaction where the reaction 
rate is limited by the surface reaction rate), it is known 
that a film-growth rate (deposition rate) V can be expressed 
by the following logical formula ( 6 ) : 
20 V = C-exp (- Ea / (kT)) ■•—■(6) 

wherein, C : process constant (constant determined by 
film-forming process); 

Ea: activation energy (constant determined by 
the sort of film-forming process); 
25 k: Boltsman constant; and 

T: absolute temperature 
Upon partial-differentiating the formula (6) by 
temperature T, the following equation (7) is obtained: 

30 {6V/dT} / V = (Ea / (k-T"2)) [1/°C] (7) 

In the above equation, {dV/6T} I V is the film- 
thickness /temperature coefficient, which represents the 
change in deposition rate that depends on the change in 
35 temperature . 

The activation energy depends on the sort of film- 
forming process (in this embodiment, SiN film forming process 
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using siH^Clj and NHjas reactive gases), and it is known that 
the activation energy is 1.8 [eV] in this embodiment. Upon 
substituting the activation energy Ea and absolute 
temperature T in the equation (7), the film- 
5 thickness /temperature coefficient { 8 V/ 6 T} I V can be 
obtained . 

If the film- thickness of the process wafers Wi-1, Wi-2 
processed by the first and second heat treatment apparatuses 
are represented by dl and 62, respectively, and if the true 
10 temperatures of the wafers at that time are represented by 
Tl, T2, respectively, the film-thickness /temperature 
coefficient { 5 V/ <5 T} / V is expressed by the following 
formula ( 8 ) : 

15 {«5V/(5T} / V = ( d2-dl ) /[dl- ( T2-T1 )] (8) 

If the absolute temperature T in the equation (7) is 
the true wafer temperature Tl, the following equation (9) 
can be derived from the equations ( 7 ) and ( 8 ) : 

20 

T2 = Tl + [( d2-dl ) /dl]-[k'Tl"2/Ea] (9) 

Since the values of Ea, k, Tl, d2 and dl are known, it 
is possible to calculate the respective true temperatures 
25 Ti2 of the process wafers Wi-2 in the second heat treatment 
apparatus by replacing T2 with Ti2. 

Then, the offset values OFi can be determined by using 
the following equation (10) based on the true wafer 
temperatures Ti2 and the estimated temperatures Ti2' (step 
30 S305). 

OFi = Ti2-Ti2' (10) 

The above-mentioned offset values OFi are calculated, 
35 based on the above equations , by the offset-value calculating 
part 150. In other words, the off set -value calculating part 
150 obtains the calibrated temperature Ti2, namely, the 
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estimated temperature Ti2 ' , recorded in the register part 
140. (Since the offset value OFi is set to be zero for the 
time being r the calibrated temperature Ti2 is equal to the 
estimated temperature Ti2 ' ) . The measured film- thickness is 
5 inputted into the offset-value calculating part 150. The 
offset-value calculating part 150 calculates the true wafer 
temperature Ti2 based on the measured film-thickness by the 
above equation and also calculates the offset value OFi based 
on the true wafer temperature Ti2 and the calibrated 

10 temperature Ti2. 

The above explanation is made for the case that the film 
forming reaction is the "surface reaction rate limited 
reaction". However ^ if movement of substance in the film 
relates to the film growth (e.g. , in case of forming a thermal 

15 oxidation f ilm) ^ it is possible that the film-growth rate 
depends on the film-thickness, and thus cannot be expressed 
by the equation ( 6 ) . 

In such a case, the film-thickness /temperature 
coefficient can be calculated similar to the case of the 

20 ''surface reaction rate limited reaction'', on condition that 
a theoretical relationship exists between film- thickness and 
time. For example, a theoretical formula exists, relating 
to the film-thickness of the thermal oxidation film, by Deal 
and Grove (see: Andrew S. Grove "Physics and Technology of 

25 Semiconductor Devices" 1967). 

Here, it is assumed that the theoretical formula of 
film-thickness XO is expressed by the following formula (11 ) : 
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XO = f (T, t) (11) 

wherein, f: theoretical functional equation of film- 
thickness layer; 

T: absolute temperature; and 
t: time 

Then, the film- thickness /temperature coefficient 
{ dv/ 6T} / V can be expressed by the following equation ( 12 ) : 
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{dV/dT} / V ^ {6^ i (T, t) / <5T<5t) } / f (T, t) 

(12) 

When substituting the true wafer temperature Tl to the 
5 absolute temperature T of the equation ( 12 ) , the offset value 
OFi can be introduced from the equations (8) and (12), as 
similar to the case of "surface reaction rate limited 
reaction" . 

Without using such a theoretical formula, the offset 
10 value OFi for the second heat treatment apparatus may be 
determined based on a film- thickness /temperature 
coefficient, which is calculated based on the result of the 
experiment, in which a films are formed on the process wafers 
Wi under the different process temperatures. 
15 in this case, the film-thickness /temperature 

coefficient is determined by the following steps:. 

(i) A film is formed on a wafer W at a predetermined 
set temperature Tl, and the thickness dl of the film formed 
on the wafer W is measured. 

20 In this step, the heat treatment process shown in Fig. 

6 can be employed. During the heat treatment, it is 
preferable to set a stabilization time (t2-tl) to be as long 
as possible in order to ensure temperature stability and 
temperature uniformity over the surface of the wafer W during 

25 the film deposition process. It is desirable to exclude the 
possibility that the film is formed on the wafer W (e.g., 
by residual gas) in the processes other than the film-forming 
process. It is also desirable to form a film with 
sufficiently large thickness as compared with the film- 

30 thickness measuring accuracy. 

(ii) A film is formed on a wafer W at a predetermined 
set temperature T2, and the thickness d2 of the film formed 
on the wafer W is measured. 

In this step, the set temperature T2 is set to a value 
35 different from the temperature Tl by about 5*C. If the 
difference (T2-T1) in the set temperatures is too small, the 
difference (d2-dl) in film-thickness also becomes too small 
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(as compared with the film-thickness measuring accuracy) to 
determine a sufficiently precise film-thickness /temperature 
coefficient. On the contrary, if the difference (T2-T1) in 
the set temperatures is too large, a problem arises due to 

5 the dependency of film-thickness /temperature coefficient on 
temperatures. Thus, the difference (T2-T1) in the set 
temperatures is not limited to a certain fixed value (e.g., 
5°C), and must be changed to achieve precise determination 
of the film-thickness /temperature coefficient. 

10 in view of calculating an exact film- 

thickness /temperature coefficient, it is preferable that the 
heat-treatment conditions other than the above set 
temperature at this heat treatment step (ii) is set to be 
the same as those at the heat treatment step (i). 

15 (iii) The film-thickness /temperature coefficient 

{6v/dT} / V is calculated by the following formula (13): 
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idW/dT} / V = ( d2-dl ) /[dl- ( T2-T1 )] 



(13) 



in the above way, the film-thickness /temperature 
coefficient can be obtained experimentally. 

Next, the process wafers Wl-3 to W5-3 (the third objects 
for heat treatment) are loaded in the second heat treatment 
apparatus, and are processed under the aforementioned 
heat-treatment condition (standard process recipe). The 
thickness of films formed on the process wafers wl-3 to W5-3 
are measured (S306). The heat-treatment condition at this 
step is identical to that at step S302. During the heat 
treatment, the operation of the heat treatment apparatus is 
controlled based on the offset value OFi calculated at step 
S305. 

The thickness of the film formed on each of the process 
wafers Wl-3 to W5-3 , having been subjected to the film-forming 
process, is measured by a film-thickness inspecting unit, 
such as an eliptho-meter . 

Next, the film-thickness measured for each of the 
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process wafers at step S306 is compared with that measured 
at step S3 02 to judge whether or not the difference in 
thickness therebetween is within an allowable range (S307) . 
The offset value OFi calculated at step S3 05 is correct, if 

5 the difference in film-thickness between the process wafers 
Wi-1 and Wi-3, which are arranged at the corresponding 
positions of the wafer boat 23, is within the allowable range. 
If the judgments for all of the process wafers Wl-3 to W5-3 
are all "Yes", all the offset values OFi are correct. 

10 Thereupon, the calibration for the second heat treatment 
apparatus is completed (5308). 

If the judgment at step S307 is "No", the routine 
returns to step S3 05 to calculate the offset value OFi. In 
this calculation, the film-thickness measured at step S306 

15 may be used, as follows. It is assumed that the film- 
thickness of the process wafers Wi-3, Wi-2 and Wi-I are d3/ 
d2 and dl, respectively, and true temperatures of the wafers 
when such film-thickness d3, d2 and dl are obtained are T3, 
T2 and Tl, respectively. Then, based on the film-thickness 

20 of films on the process wafers Wi-3 and Wi-1, the film- 
thickness /temperature coefficient { 6 V/ 5 T} I V can be 
obtained by the following formula (14): 

{<5V/<5T} / V = ( d3-dl ) /[dl- ( T3-T1 )] (14) 

25 

Combining formula ( 14 ) with equation ( 8 ) results in the 
following equation (15): 

(T3-T1) / (T2-T1) = ( d3-dl ) / ( d2-dl ) (15) 

30 

The following relationship exists among the true 
temperatures T3, T2, the respective estimated temperatures 
T3 ' , T2 ' of the process wafers Wi-3, Wi-2 and the offset value 
OFi. 

35 

T3 = T3' + OPi (16) 
T2 = T2' + OFi (17) 
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The equation obtained by substituting equations (16) 
and (17) to equation (15) involves only one unknown factor, i 
i.e., the offset value Ofi. Thus, the offset value Ofi can 
5 be calculated. 

According to the above, the offset value Ofi can be 
calculated based on the film- thickness measured at steps S3 02 , 
S303 and S306, without requiring the theoretical equations 
(6), (11) or any preparatory experiments. 

10 According to the above embodiment, there is no need to 

load any wafer equipped with thermoelectric couple in the 
apparatus, when calibrating the second heat treatment 
apparatus, which is to be provided to the user as a product 
(commodity). Therefore^ it is possible to prevent the 

15 occurrence of contamination inside the second heat treatment 
apparatus (metal contamination due to the presence of the 
thermoelectric couple). In addition, the heat treatment 
apparatus is provided with the temperature estimator 110 and ' 
the temperature calibrator 120 independently of each other. 

20 The adjustment of the temperature estimator 110, which might 
cause the contamination inside the apparatus and which 
requires considerable time and complicated mathematical 
calculations, is carried out using the first heat treatment 
apparatus for the manufacturer ' s exclusive use. A simple test 

25 is carried out by using the second heat treatment apparatus 
having the temperature estimator 110 which is adjusted in 
the same condition as that of the first' heat treatment 
apparatus. Then, the temperature calibrator 120 of the second 
heat treatment apparatus is adjusted based on the results 

30 of the test. Therefore, the user's adjustment operation for I 
the apparatus can be accomplished easily. ! 

Next, another embodiment, of the present invention will 
be described. Fig. 7 is a block diagram showing one 
35 embodiment of a control system for heat treatment apparatuses 
according to the present invention. Referring to Fig. 7, a 
control device 300, heat treatment apparatuses 400A, 400B 
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and film-thickness measuring unit 500 are connected with each 
other through a network 600. 

The structure of the control device 300 is similar to 
that of the controller 100 of Fig. 3. The structure of the 
5 heat treatment apparatuses AOOA, 400B is the same as that 
of the heat treatment apparatus of Fig. 1 except that the 
apparatuses 400A, 40 OB are not equipped with the controller 
100. The control device 300 includes the temperature 
estimator 110, the temperature calibrator 120, the heater 

10 controlling part 130 and the register part 140. The heat 
treatment apparatuses 40 OA, 40 OB each includes the reaction 
tube 2, the heater elements 31 to 35, the power controllers 
41 to 45 and so on. 

The plural heat treatment apparatuses 400A, 400B are 

15 controlled by the control device 300 through the network 600. 
Since the film-thickness measuring unit 500 is connected with 
the network 600, the results of measurement by the unit 500 
can be transmitted to the control device 3 00 effectively. 
Therefore, the set of the offset values at the temperature 

20 calibrator 120 can be accomplished with a process-flow 
similar to that shown in the flow chart of Fig. 5, quickly 
and certainly. 

In the modification, the control device 300 may be 
directly connected to the heat treatment apparatus 400A 

25 through no intermediary of the network 600. If this 
connection is detachable, then it is possible to alter the 
combination in connection between the control device 300 and 
the heat treatment apparatuses 400A, 400B, easily. 
Consequently, the respective controls of the plural heat 

30 treatment apparatuses 40 OA, 40 OB can be easily accomplished 
by the single control device 300. 

Embodiments of the present invention are not limited 
to the aforementioned embodiments. The invention may be 
developed and modified within the scope of technical concept 

35 of the invention. For example, the objects to be processed 
are not limited to semiconductor wafers; the objects may be 
glass substrates . Without being limited to the vertical heat 
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treatment apparatus or batch-type furnace, the invention is 
also applicable to a single-wafer heat treatment apparatus. 

The purpose of heat treatment may be a diffusion process , 
annealing process, formation of thermal oxidation film and 
film-deposition (e.g. SiN etc.) by CVD (Chemical Vapor 
Deposition) . After completing the temperature calibration, 
the heat treatment apparatus need not always be used for the 
film-deposition . 

Also, the heater may not necessarily be divided into 
a plurality of heater elements. The number of heater 
elements is not limited to "five" . Without being limited to 
an object (for detecting temperatures) equipped with 
thermoelectric couple, the temperature-detection for the 
object may be carried out by using a radiation thermometer. 



